Infant feeding studies are typically presented as single-event models, without considering the dynamic nature of feeding. We analyzed the determinants of infant feeding duration using both single-and multiple-event Cox regression models. The Cox model was compared with parametric survival models, which were used to estimate feeding-state transition probabilities. Data were taken from a community randomized trial promoting exclusive breastfeeding (EBF) in Uganda from 2005 to 2008. Peer counselors visited intervention mothers once antenatally and 4 times after birth. Results showed that children in the control group were more likely to be switched from exclusive breastfeeding (EBF)/predominant breastfeeding (PBF) to mixed feeding (MF)/replacement feeding (RF). Children in intervention clusters (hazard ratio = 0.33, 95% confidence interval: 0.26, 0.42) and rural areas (hazard ratio = 0.79, 95% confidence interval: 0.63, 0.99) had a lower risk of EBF/PBF cessation. Based on the Akaike Information Criterion, parametric models were better fitted than the Cox model. The analytical approach to assessing infant feeding duration used in this study takes into account transitions between feeding categories, allowing for multiple events. This will enhance understanding of infant feeding practices and give policy-makers a better picture of the versatility of infant feeding.
Promotion of optimal infant feeding is a global health priority because it can save the lives of approximately 1 million children annually (1) . The World Health Organization recommends that infants be exclusively breastfed for 6 months and thereafter given breast milk in addition to other foods up to age 2 years (2). However, actual feeding practices are dynamic, and many infants are given different types of feedings daily (3) (4) (5) . In the current study, infant feeding is categorized into 4 different patterns: exclusive breastfeeding (EBF), predominant breastfeeding (PBF), mixed feeding (MF), and replacement feeding (RF) (see Table 1 ).
Several studies have assessed the health effects of various infant feeding patterns (6) (7) (8) , but few have modeled how infants might change back and forth between feeding categories. In this regard, Markov processes can be useful for analyzing infant feeding behavior, because they allow understanding of changing states over time where there is a known probability of change from one state to another (9) . These changes are referred to as transition probabilities. Apart from being used in planning, feeding-state transition probabilities might add prognostic information on the longterm health status of children, since infant feeding patterns affect health outcomes (10, 11) .
In this study, we used longitudinal data to perform a survival analysis of infant feeding and to model Markov transition probabilities between feeding states among children under age 6 months in Uganda. Data were intervalcensored, which is common in longitudinal studies with occasional follow-up, and thus we used a midpoint solution to first model infant feeding behavior using both single-and multiple-event analysis. Single-event models, which allow only 1-way transitions between feeding states, are commonly used in survival analysis of infant feeding (12) . However, multiple-/repeated-event models may be more suited to capturing feeding behavior, since infants often gravitate between feeding states (3) (4) (5) . Second, we estimated the determinants of feeding duration using the Cox proportional hazards model. Many researchers use this model in survival analyses, mainly because it requires few assumptions. It assumes that covariates are multiplicatively related to the hazard rate. However, in instances where this assumption does not hold, it is recommended to use parametric models, which estimate parameters more efficiently (13, 14) . Third, we compared the results of the Cox model with those obtained from parametric survival models. We used the Weibull and exponential models, which are the only parametric models that can be specified as either proportional hazards or accelerated failure time models. The latter assume a linear relationship between latent survival time and covariates. The Weibull model allows for more flexibility because the associated hazard rate is not constant with respect to time. Finally, we used the best-fitting parametric model to estimate transition probabilities between infant feeding states.
Data were taken from the PROMISE-EBF Study ("Promoting Infant Health and Nutrition in Sub-Saharan Africa: Safety and Efficacy of Exclusive Breastfeeding Promotion in the Era of HIV"), a multicenter community randomized trial (http://clinicaltrials.gov/ct2/show/NCT00397150) undertaken in Burkina Faso, South Africa, and Uganda. The objective of the PROMISE-EBF trial was to promote EBF among infants under age 6 months through maternal peer support. The main results of this trial have been reported elsewhere (3).
MATERIALS AND METHODS

PROMISE-EBF trial
In Uganda, the PROMISE-EBF trial was undertaken between 2005 and 2008 in Mbale District, situated about 230 km east of the capital Kampala, with a population of about 400,000 (15) . The study was conducted in 2 of the 7 counties in the district: the urban municipality of Mbale and the rural Bungokho County. Bungokho County surrounds Mbale Municipality, and the population consists mainly of subsistence farmers. The majority are Bagisu, using Lumasaba as their main language.
In the district, 24 clusters were selected if they were along the main road leading out of Mbale or were on the first or second branch off the main road, had a population of at least 1,000 inhabitants, and represented a social and administrative unit. Clusters were stratified on the basis of urban or rural settlement and were randomized 1:1 to either a control group or an intervention group. Pregnant women residing in selected clusters were identified by communitybased recruiters. Those intending to breastfeed were assessed for study participation. Preinclusion criteria were that a woman provided consent, resided in the selected cluster, was 7 months pregnant or visibly pregnant, and had no intention to move to another community. After birth, 
Predominant breastfeeding
Breast milk is nutritionally dominant while being given in addition to water-based fluids, including fruit juices, tea without milk, or oral rehydration salts.
Complementary feeding including breast milk (partial breastfeeding or mixed feeding)
Nonhuman milk, semisolids, or other solids are given to the child in addition to breast milk. The term "mixed feeding" normally refers to the feeding practice specified above during the first half of infancy (under 6 months of age).
Replacement feeding
The feeding strategy employed when breastfeeding has been stopped, or if the child has never been given any breast milk. Exclusive replacement feeding was defined as never having been given any breast milk. 
is a set of events describing the transition between feeding patterns, that is, the probability of moving from one feeding state to another. The probability α 1 represents the likelihood that a child who is receiving exclusive breastfeeding (EBF)/predominant breastfeeding (PBF) in a particular month will still be receiving EBF/PBF in the following month. α 2 represents the chance that a child who is receiving EBF/PBF in a given month will be receiving mixed feeding (MF)/ replacement feeding (RF) in the following month. Therefore, α 1 + α 2 = 1.
preincluded mother-infant pairs were kept in the study if there was a single birth with no severe malformation that could interfere with breastfeeding. Exclusion criteria for mothers were severe psychological illness, giving birth more than a week before preinclusion, or intention to replacementfeed. The number of mother-infant pairs included in the analysis was 396 in intervention groups and 369 in control groups.
In intervention clusters, mothers were visited by a peer counselor at least 5 times, once prenatally and at 1, 4, 7, and 10 weeks after birth. Women in control clusters did not receive peer counseling but could visit standard antenatal clinics. Data collection was scheduled at 3, 6, 12, and 24 weeks postpartum. Study approval was obtained from the Faculty of Medicine of Makerere University (Kampala, Uganda), the Research and Ethics Committee of the Uganda National Council for Science and Technology (Kampala, Uganda), and regional committees for medical and health research ethics in Norway. Details of the PROMISE-EBF trial are provided elsewhere (3, 16) .
Modeling infant feeding behavior
We used a 2-state Markov model to depict changes in feeding patterns ( Figure 1 ). Children were categorized into 2 feeding states: exclusive/predominant breastfeeding (EBF/PBF) and mixed/replacement feeding (MF/RF). The merging of EBF and PBF was made on the basis that few studies indicate clear prognostic differences between EBF and PBF (3, 4) . MF and RF were merged because few mothers in our study population were practicing replacement feeding (0.3%). The transition from EBF/PBF to MF/ RF was either unidirectional, depicting a single-event model ( Figure 1A ), or multidirectional, defining a multipleevent model ( Figure 1B ). Feeding status was based on mothers' recall of infant feeding 7 days prior to the interview. In constructing the unidirectional feeding model, a strict definition of feeding was adopted; for example, children stopping EBF at age 3 weeks could not be categorized as receiving EBF in subsequent weeks. In the multidirectional model, children could be categorized differently in subsequent weeks.
Estimating infant feeding survival
The survival model of infant feeding was fitted using STATA, version 11 (StataCorp LP, College Station, Texas). The aims were to assess the duration of EBF/PBF among children under age 6 months and to examine factors influencing this duration. The dependent variable was cessation of EBF/PBF, a time-dependent factor indicating the age at which EBF/PBF was stopped. The exact time of EBF/PBF cessation was unknown; it was assumed to have taken place between birth and a date recalled by the mother. A continuous time variable was created by assuming that an event occurred midway between the start of EBF/PBF and an interview date.
Children were censored when they were lost to follow-up or the last valid interview was missed. Survival estimates were specified using both single-event ( Figure 1A ) and multiple-event ( Figure 1B ) models. Relapse into EBF/PBF was assumed to occur midway between 2 follow-up visits. Factors influencing child feeding (Table 2) were identified from the literature. The "arm" variable denoted membership in an intervention or control group (3). Residence was dichotomized into rural and urban clusters (17) . Gender was included as an inherent biological factor (18) (19) (20) . Socioeconomic status was created with multiple correspondence analysis based on a set of assets including house type and toilet facilities (3, 21) .
We used the household dependency ratio as a proxy for family size, measured as the ratio of children to adults in a household (22) . Contact with health personnel during pregnancy was determined by the mother's possession of an antenatal care card and place of delivery. Additionally, mothers were asked whether they received any advice from health personnel about infant feeding before or after birth, referred to as breastfeeding advice. Other variables included were mother's age, education, and parity (23, 24) .
Statistical analysis
Kaplan-Meier survival estimates were used to determine EBF/PBF duration and were compared using a log-rank test. Turnbull's nonparametric estimator (25) and flexible parametric analyses (26) are recommended for intervalcensored data; however, we used the standard KaplanMeier approach because it has been shown to be sufficient when intervals are short, as was the case in our study (27) . To characterize the determinants of EBF/PBF duration, we used the midpoint approximation method (MDM) in a Cox proportional hazards model accounting for interval censoring.
The MDM was also used to fit parametric survival models, the Weibull and exponential models, whose results were compared with those obtained in the Cox regression. MDM has been shown to be relatively adequate and useful in estimating parameters for fairly large data sets with minimal amounts of missing data (28, 29) . However, the MDM may not always be the best solution and can lead to biased estimates. Therefore, to test its usefulness, we fitted a discrete survival-time model with a random intercept and compared the results.
Model fit was assessed using the Akaike Information Criterion. This test helps to select the best fit from a set of models (30, 31) . The chosen model is the one that minimizes the Kullback-Leibler distance between the model and a true measurement. Data were analyzed longitudinally with 4 panels corresponding to the data collection time points scheduled at 3, 6, 12, and 24 weeks postpartum. A variancecorrected model (repeated-event model with unordered failures of the same type) was used to account for dependencies between failure times. This approach does not include dependencies between failure times in the model, but it adjusts the covariance matrix of estimators to account for additional correlation (32) . Since data were randomized at the community level, we adjusted for cluster randomization during analysis.
Individual model effects were measured in univariate analyses. Collinearity, hazard plots, and residual plots were checked. In multivariable analysis, a backward stepwise approach was used with removal set at P = 0.1. Effect modification was tested, and since no interaction terms were statistically significant at P = 0.05, they were excluded from the final model. Results were presented for both single-and multiple-event models, with predictive power evaluated by computing the Harrell's C concordance statistic. This measures the agreement of predictions with observed failure order (33) . Markov state transition probabilities of infant feeding were estimated from the best-fitting parametric survival model using the methods described by Briggs et al. (13) . In this method, a Markov model of given cycle length is specified, and the baseline transition probability is defined as 1 minus the ratio of the survivor function at the end of a Markov cycle to the survivor function at the beginning of the cycle.
RESULTS
Background characteristics
There were 765 mother-infant pairs in the study. Of these, 52% of pairs were in intervention clusters and 26% were in urban areas. Approximately 52% of the children were girls. The mean age of mothers was 25.7 (standard deviation (SD), 6.6) years. Approximately 22% of mothers were primiparas. Most women delivered their infants at health facilities (53%) and were in possession of antenatal care cards (65%). Approximately 48% of the mothers received advice on infant feeding from a health practitioner either before or after birth. The mean number of years of schooling for mothers was 6.3 (SD, 3.3). Most women (74%) did not have salaried work or formalized employment. Formal employment was more common among household heads (43%). The mean household dependency ratio was 1.2 (SD, 1.1).
Distribution of survival time
In both single-event (log-rank test: χ 2 = 177; P < 0.001) and multiple-event (χ 2 = 149; P < 0.001) models, children were breastfed exclusively/predominantly longer in intervention clusters than in control clusters (Figure 2) . At any given time, children in intervention clusters had a lower probability of discontinuing EBF/PBF. Survival in this feeding state was different in single-and multiple-event models. For example, at age 2 months, the probability for control children to continue EBF/PBF was 39% in singleevent models and 44% in multiple-event models. However, at age 6 months, more children were receiving EBF/PBF in single-event models (>30%) than in multiple-event models (<10%).
Cox regression analysis
In the single-event model, the unadjusted effects of intervention arm, place of delivery, and advice on infant feeding from health personnel were significant predictors of EBF/PBF duration ( Table 2 ). The peer counseling intervention arm had a hazard ratio of 0.35 (95% confidence interval (CI): 0.28, 0.43), indicating that children in intervention clusters had a 65% lower risk of EBF/PBF cessation. In the multiple-event model, the unadjusted effects of the intervention arm, residence, and advice on infant feeding from health personnel were significant predictors of EBF/PBF duration. The direction of the effects between single-and multiple-event analysis was the same for most variables, though the hazard ratios from the multiple-event model were smaller and the confidence intervals were narrower. Based on the multiple-event model, children in the intervention arm had a 73% lower risk of stopping EBF/PBF (hazard ratio = 0.27, 95% CI: 0.23, 0.33).
After adjustment for all factors in the single-event model, intervention arm, residence, and socioeconomic status were significant predictors of EBF/PBF duration. Children in intervention clusters and those in rural areas had lower risks of stopping EBF/PBF. In the multiple-event model, the predictors of EBF/PBF duration were intervention arm, residence, and advice from health personnel.
Harrell's C statistic for the single-event model was estimated to be 0.61 (95% CI: 0.58, 0.66), as compared with 0.70 (95% CI: 0.66, 0.72) in the multiple-event model. This implies that the single-event model correctly identified the order of survival times for pairs of subjects approximately 60% of the time, compared with 70% in the multipleevent model.
Comparing results of the Cox and parametric models
The multivariate analysis of the Cox, Weibull, and exponential models yielded similar results (Table 3) . Effect estimates were slightly lower in parametric models than in Cox models but were not significantly different for any of the parameters. Both the Weibull model and the exponential model had a lower Akaike Information Criterion than the Cox model and hence had better fits. A graphical check of the proportional hazards assumption was performed, and the proportional hazards assumption did not appear to be violated (not shown). Graphical checks were also performed for all models using Cox-Snell residuals to determine model fit (Figure 3 ). These showed that both parametric models were better-fitting than the Cox model. We also found that fitting a discrete survival-time model yielded results similar to those obtained from the MDM, particularly for the Weibull model. In the discrete survivaltime model, the predictors of EBF/PBF cessation were intervention arm, with a coefficient of −1.24 (95% CI: −1.45, −1.03); residence, with a coefficient of −0.32 (95% CI: −0.58, −0.74); and advice, with a coefficient of −0.22 (95% CI: −0.43, −0.01). The Akaike Information Criterion was 2,537, indicating a better fit than the Cox model.
Transition probabilities
Transition probabilities were estimated using the Weibull model. More children were expected to change from EBF/ PBF to MF/RF in the control group. Transition probabilities from EBF/PBF to MF/RF in the single-event model were higher than those estimated using the multiple-event model (Figure 4) .
In Table 4 , we show transition probabilities for a multidirectional model ( Figure 1B) . At any given time, the probability of remaining in either state, EBF/PBF (α 1 ) or MF/RF (α 3 ), was higher in intervention children than in control children.
DISCUSSION
This paper presents results from an innovative analysis of infant feeding in a cohort of children under age 6 months in Mbale, Uganda. Typically, survival analyses of infant feeding use single-event models to describe feeding behavior (12) . In single-event models, the assumption is that once an exclusively breastfed child has been introduced to other foods, that child is not considered to be exclusively breastfed again. However, this may not adequately represent the true picture, because infants often gravitate between feeding states, particularly in the first 6 months of life. This could be one reason why studies fail to identify differences in health outcomes between reported EBF and PBF children (3, 4) . In our study, we used both single-and multiple-event models. Survival estimates made using the 2 approaches were notably different. For example, the modeled probability that a given child was breastfed exclusively/predominantly at age 3 months was slightly higher among children who had stopped EBF/PBF earlier than among those who had breastfed exclusively/predominantly at all visits. However, this effect was reversed at age 6 months, with children who had not had a lapse having the higher probability. This might happen if mothers who introduce other foods to their infants return to EBF/PBF because they are struggling to provide complementary feeding sustainably. It would also happen if increased visits from peer counselors convince mothers of the importance of EBF.
We showed that transitions from EBF/PBF to MF/RF were higher in both intervention and control groups when the single-event model was specified. Based on the concordance statistic, the predictive ability seemed to be better in the multiple-event model than in the single-event model. However, this was a nominal estimation, and we were unable to estimate the statistical difference between the two concordance statistics. Nevertheless, the contrast between the two approaches calls for an adjustment in how infant feeding practices are analyzed, as traditional methods could be inadequate. It should be noted, though, that using multiple-event models depends on availability of longitudinal data, and often feeding information is collected crosssectionally.
The important factors affecting EBF/PBF duration were the intervention, residence (urban/rural settlement), and socioeconomic status. Rural children were expected to receive EBF/PBF longer. Rural mothers are less likely to have salaried work and thus may have more flexibility to breastfeed. In rural areas, there is limited access to feeding bottles and other utensils that make RF less difficult. Children in households with high socioeconomic status were more often introduced to complementary foods. The reasons for this might be similar to the effect of residence. People from higher-socioeconomic-status households are more likely to be able to afford replacement foods, which can be a status symbol, and are more often involved in salaried work outside the home, with less flexibility to breastfeed. A number of other studies that examined determinants of feeding duration largely corroborate our findings (12, 34, 35 ).
An oversight in most studies using Cox regression is failure to report whether the proportional hazards assumption held (36) . If the assumption is violated, using the Cox model is unreliable and may lead to wrong conclusions. In such instances, it is advisable to use parametric models, which tend to be more efficient in predicting effects of covariates (13, 14) . Using the Akaike Information Criterion, we found that parametric models performed better than the Cox model. In most studies making such comparisons, the investigators conclude that parametric models are more efficient than the Cox model (37) (38) (39) (40) . Parametric models are also better suited to estimation of transition probabilities, since they provide more accurate projections (13) . Although parallel in many respects, parametric models might appear unfamiliar to many. Still, according to our findings, parametric tests could be more efficient.
Analytically, the models presented in this paper do not take into account frequency, amount, and quality of feeding. This is useful for understanding infant health and calls for further research. The strength of this study is that it was a community-based prospective cohort study with medium intensity. As a result, relatively few mother-infant pairs were lost to follow-up. However, the frequency and timing of data collection were not optimal for estimation of mean feeding duration. Data were collected cross-sectionally at 4 time points during the follow-up period. More frequent follow-up-for example, on a monthly basis-would have enriched the analyses. Furthermore, some mothers missed scheduled interviews, and consequently some interviews were held much later than the scheduled dates. Such interviews were censored. This could have led to underestimation of feeding duration. However, the number of untimely interviews was relatively low and did not differ by arm. During data analysis, we used the MDM to obtain survival estimates. This is adequate for estimating parameters, particularly when data sets are fairly large and have minimal amounts of missing data (28, 29) . However, it may not always be the best solution, and it can lead to biased estimates (41) . We fitted a discrete survival-time model and found that results were not intuitively different from those obtained using the MDM.
In conclusion, the analytical approach using transitions between different infant feeding categories and allowing for multiple events gave us an extended understanding of infant feeding practices. This approach is believed to provide a better picture than single-event models of longitudinal infant feeding data and is consequently preferable when the goal is informing public health policy or conducting economic evaluations.
